Early attempts to cultivate a mycoplasma-like organism from apple seeds of trees affected by proliferation disease led to the isolation and cultivation of a mollicute designated strain PPAV or pommier (28) . This organism was unlikely to be associated with the apple disease, since it had an optimum growth temperature of 43"C, antisera to strain PPAV did not react with material from affected trees, and DNA probes specific for the mycoplasma-like organism disease agent failed to react with PPAV DNA (2, 13, 24) .
Other properties of strain PPAV suggested assignment to the class Mollicutes and, particularly, to the genus Mycoplasma in the family Mycoplasmataceae. The organism had a filamentous but nonhelical morphology, was devoid of a cell wall, fermented glucose, did not hydrolyze urea, required cholesterol for growth, and had a low DNA G + C content (25.2 mol%) (24) . However, extensive serologic comparisons with established type strains or unclassified strains in the genus Mycoplasma failed to reveal a relationship between strain PPAV and any known species or putative species.
During efforts to further characterize strain PPAV as a new species, repeated genome measurements in which renaturation kinetic techniques were used indicated that the organism had a genome size of about 1,000 MDa (ca. 1,500 kbp) (24), which is much larger than the value of 500 MDa (750 kbp) considered to be typical of the genus Mycoplasma (20). Efforts were redirected to understanding the phylogenetic position of strain PPAV (15) . It was essential to * Corresponding author. determine whether strain PPAV represented a new genus within the Mycoplasmataceae.
Phylogenetic analysis of procaryotes in which 16s rRNA sequences are used has proved to be a valuable technique (16, 33) , and furthermore, sequences for about 50 species in the class Mollicictes have been determined recently as a basis for comparison (30) .
In this paper we describe the details of a 16s rRNA sequence analysis in which we identified strain PPAV as a member of an established species in the genus Mycoplasma. This relationship was confirmed by using a variety of other genomic and phenotypic markers.
MATERIALS AND METHODS
Mollicute strains and culture media. Strain PPAV was isolated from aborted apple seeds from fruit collected from trees infected with apple proliferation in an experimental plot on Arcins Island in the Garonne River near Bordeaux, France. Details concerning the initial isolation in late 1979 and some properties of the organism have been described elsewhere (24, 27, 28) . The following other mollicutes were also used in this study: type strain 695 (= ATCC 33552) (serotype I) of Mycoplasma iowae and two other M . iowae strains, strain 693 (serotype J) and strain DK-CPA (serotype K), which were kindly supplied by Isabelle Kempf, Laboratoire de Pathologie Aviaire, Ploufragan, France; Mycoplasma muris RIII-4T (= ATCC 33757T) (T = type strain); Spiroplasma citri R8A2-MarocT (= ATCC 2755tiT); and Mycoplasma mycoides subsp. mycoides PGIT) = NCTC 10114T). These strains were grown either in SP-4 broth containing 15% fetal bovine serum or in BSR broth supplemented with 10% horse serum (31) . S . citri broth cultures were incubated at 32"C, while the other mollicutes were gi-own at 37°C.
Serologic testing. Antisera to strains PPAV and 695T were raised in rabbits by using antigens suspended in Freund complete adjuvant. These sera were used in standard metabolism inhibition or growth inhibition tests (7, 26) .
DNA extraction and purification. The techniques which we used for extraction and purification of chromosomal DNAs from various mollicutes have been described previously (5) .
Determination of 16s rRNA sequences. 16s ribosomal DNA (rDNA) from strain PPAV was cloned into plasmid pBR322 and sequenced by using the chain terminator method (15, 25) .
Sequence analysis. 16s rRNA sequences from 50 mollicute strains were obtained from the GenBank network. The sequences were aligned by using Nucaln software (32) .
Restriction endonuclease patterns and Southern hybridization. Restriction enzymes were used according to the instructions of the manufacturers (GIBCO BRL, Gaithersburg, Md.; Appligene, Illkirch, France). After digestion of 2 pg of DNA, restriction fragments were separated by electirophoresis in 1% agarose gels and visualized by ethidium bromide staining. DNA fragments were transferred onto Hybond N + nylon membranes (Amersham, Buckinghamshire, United Kingdom) by using an alkali blotting procedure (21). Southern hybridizations were performed by using the 1 .S-kbp DraI-DraI DNA fragment from plasmid pR136 as a probe. This fragment contains the entire 16s rDNA from Spiroplasma citri (15) . The probe was labeled by using a rnultiprime labeling kit obtained from Amersham and [a-"P] dCTP.
Cell protein analysis. Total cell proteins from the various strains examined were prepared and analyzed by one-dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis (15 to 20% gradient), as described by Laemmli (14) . lviolecular weight markers were purchased from Amersham. Following electrophoresis, gels were stained with Coomassie blue and photographed.
PFGE. For pulsed-field gel electrophoresis (PFGE), sediinented cells from broth-grown cultures (at concentrations of about 5 x lo9 cells per ml) were incorporated into lowmelting-point agarose blocks (LMP agarose; Geneline; IBeckman, Palo Alto, Calif.), and their DNAs were released in situ, as described previously (19) . For size determinations we used full-length (nonrestricted) chromosomes that were linearized by random breakages during the extraction procedure. Electrophoresis was performed by using a transverse alternating field electrophoresis apparatus (GeneLine System; Beckman); 1% LE agarose gels (Beckman) were run for 36 h at 150 mA in the buffer recommended by the manufacturer. Six successive pulse times (0.5, 1.0, 1.5, 2.0, 3.0, and 4.0 min) were programmed, each lasting 6 h. After electrophoresis, the bands were visualized by ethidium bromide coloration; the gels were stained for 30 min at room 'temperature in a solution containing 0.5 pg of ethidium ibromide per ml. These conditions allowed good separation (of chromosomal DNA from Saccharomyces cerevisiae YNN295 (Bio-Rad, Richmond, Calif.), which was used for molecular weight markers.
Renaturation kinetics. Genome sizes were estimated by using renaturation kinetics, as described previously (4).
DNA-DNA hybridizations. Hybridizations with labeled and unlabeled DNAs from the organisms used in this study were carried out by using techniques described previously (9). Nucleotide sequence accession number. The entire rDNA sequence of strain PPAV is available from GenBank, Los Alamos, N.M., under accession number X55271.
RESULTS
Sequence comparisons. The 16s rRNA sequences obtained from strain PPAV were compared with the 16s rRNA sequences of approximately 50 other mollicutes available from GenBank. Using our computer matching program, we found that strain PPAV exhibited 99.7% homology with M.
iowae 695T. The levels of homology with other Mycoplasma species varied from 75 to 94%, and 16s sequence comparisons between strain PPAV and other mollicutes revealed levels of relatedness of about 75%.
Serologic tests. The results of reciprocal serologic tests between strain PPAV and type strain 695T of M . iowne are shown in Table 1 . In both metabolism inhibition and growth inhibition tests, PPAV antigens exhibited no significant serologic cross-reactions when they were tested against strain 695T antiserum. Likewise, strain 695T antigen exhibited only minimal levels of shared responses to PPAV antiserum. Serologic tests in which we used antigens from strains belonging to two other M . iowae serotypes (serotypes J and K) against PPAV antiserum confirmed that strain PPAV and M . iowae are related; this was true especially with the serotype J strain and, to a lesser extent, with the serotype K strain. Although complete reciprocal testing was not attempted with the four mollicutes, our results demonstrated that there is serologic relatedness between PPAV and some M . iowae serotypes, there is a lack of shared responses between PPAV and the type strain of M . iowae, and there is extensive serologic heterogeneity among the members of this species.
Cell protein analysis. The results of a one-dimensional polyacrylamide gel electrophoresis analysis of cell proteins of strain PPAV and two M . iowae strains (strains 69ST and 693) are shown in Fig. 1 . Strains 693 (serotype J) and PPAV produced identical cell protein patterns, emphasizing the close relationship between these two strains observed in serologic testing. M . iowae type strain 695 differed slightly from strain PPAV and strain 693 in its cell protein pattern. Two major proteins (41 and 22 kDa) and one minor protein (56 kDa) present in strain 695T were absent in both strain PPAV and strain 693. Two minor protein bands present in strains PPAV and 693 (57 and 44 kDa) were not observed in strain 695T.
Genome size. Estimates of the genome sizes of strain PPAV and M . iowae 69ST were first obtained by using renaturation kinetics (Table 2 ). Our results gave average genome sizes for strains PPAV and 695T of 1,036 MDa (1,571 kbp) and 1,061 MDa (1,607 kbp), respectively. PFGE was used to estimate the genome sizes of strain PPAV, two strains of M . iowae (strains 695T and 693), M . muris RIII-4T, and M . rnycsoides subsp. rnycoides PGIT (Fig. 2) . The two M . iowae strains, strain PPAV. and the M . mycoides subsp. hycoides strain all had genome sizes of about 1,300 kbp (830 MDa). M . muris had a genome size of 1,150 kbp (740 MDa) (Fig. 2 ) . The PFGE values for the genome sizes of strains PPAV and 695T were approximately 18% lower than the values obtained by using renaturation kinetics.
DNA restriction endonuclease patterns. DNAs from strain PPAV and strains 695T and 693 of M . iowne were digested with four endonucleases (EcnRI, BglII, HindIII, and PvuII). The patterns obtained are shown in Fig. 3 . The DNAs from strain PPAV and M . iowae 693 produced identical restriction patterns when they were digested with EcoRI, HindIII, and PvuII, while DNA from strain 695T produced similar, but not identical, patterns when it was treated with these endonucleases. The similarity between strains PPAV and 693 was also noted when their DNAs were treated with BglII. This enzyme produced few cuts in the DNAs of these strains, but produced numerous bands in the restriction pattern of strain 695T (Fig. 3) .
Southern hybridization. The results of hybridization between the 16s rDNA probe and restricted DNAs of strains PPAV and 695T are shown in Fig. 4 . The profiles of the DNAs from the two mollicutes were identical, except for DNA restricted by BglII. As observed in the restriction pattern experiments, DNAs from strain PPAV and strain 693 (data not shown) were not digested by BglII.
DNA-DNA hybridizations. The results obtained by performing reciprocal DNA-DNA hybridizations with strain PPAV and two of the M . iowae strains (strains 695'r and 693) are shown in Table 3 . Under high-stringency conditions, strain PPAV exhibited high levels of relatedness to both strain 693 (90 to 93%) and strain 69ST (86 to 94%). 
DISCUSSION
All of the genotypic and phenotypic data presented above support identification of strain PPAV, a supposedly plantderived mollicute, as a strain of M . iowae, which was known previously only from avian hosts. The 16s rRNA sequence homology data, which first signalled that PPAV is related to a conventional species in the genus Mycoplasrna, indicated that there is a difference of only five bases in the total 16s rRNAs of the two organisms. Strains PPAV and 695T have also been shown to have very similar DNA base compositions (26, 35) . In addition, the two strains also exhibited levels of relatedness of more than 90% in DNA-DNA hybridization tests and had essentially identical genome sizes as measured by two independent methods (PFGE and renaturation kinetics), and a polyacrylamide gel electrophoresis analysis of cellular proteins showed that there is considerable sharing of cellular proteins. Previous characterization studies (24) showed that strain PPAV shares a number of common phenotypic properties with other Mycoplasma species. However, a unique marker that is now known to be shared with other M . iowae strains is the optimum growth temperature of 41 to 43°C.
The possibility that strain PPAV was not plant derived but was a laboratory contaminant was examined. A survey of the history of mollicute strains in the laboratory where PPAV was isolated showed that no M . iowae strain was introduced before PPAV was isolated in 1979. However, it is entirely possible that the apple from which PPAV was isolated had been contaminated with M . iowae by a bird.
The major block to early recognition of the close association between strain PPAV and other strains of M . iowae '' Averages of two experiments. For each experiment, hybridization was carried out under high-stringency conditions (37°C; 12°C below the melting temperature) and low-stringency conditions (20°C; 30°C below the melting temperature). The actual experimental homologous hybridization percentage is shown in parentheses; this value was normalized to 100%.
was the lack of serologic reactivity between strain PPAV and type strain 695 of M . iowae. This can be ascribed to the antigenic heterogeneity of this species. Initially, M . iowae was proposed as a taxon that included obviously heterogeneous strains that had been classified into serotypes (serotypes I, J, K, N, Q, and R) (1, 12) . A serotype I strain (strain 695) was selected as the type strain, apparently because it had been well studied. Subsequent studies of M . iowae 695T and members of other serotypes, including fresh field isolates, confirmed the heterogeneity of this species (22), which also complicated the detection of serum antibodies in experimentally or naturally infected poultry (3, 22) . It has been suggested that other serotype representatives (e.g., serotype J) might be more broadly reactive against M . iowae strains than strain 695T (3, 8) . In partial confirmation, we found more serologic reactivity between strain PPAV and M . iowae serotypes J and K than when the type strain (or its antiserum) was tested. In fact, these observations, combined with other characteristics (cell protein pattern, DNA restriction endonuclease patterns, resistance of DNA to digestion with BglII, and relatedness as determined by DNA-DNA hybridization), suggest that strain PPAV is more closely related to serotype J (strain 693) of M . iowae.
All previously published studies reported that M . iowae catabolizes glucose and hydrolyzes arginine (1, 12, 22) . Initial studies on the biochemical activities of strain PPAV indicated that active glucose fermentation occurs in this organism. More recent testing for arginine hydrolysis following serial passage of PPAV in arginine-containing medium confirmed that arginine hydrolysis does occur in PPAV (6).
The finding (by renaturation kinetics) of a genome size of about 1,600 kbp (1,037 MDa) for strain PPAV posed a serious dilemma, because the combination of genome size, morphology, and sterol requirement was incompatible with current criteria for taxonomic assignment of an organism to the genus Myc.opfasma. After recognition of the high level of 16s rRNA sequence homology between strain PPAV and M . iowae 695T, DNA renaturation experiments with strain 695T confirmed that this organism has a similar, large genome size (about 1,000 MDa [1,500 kbp]). In addition, the genomes of other species belonging to the family Mycoplasmutnceae, as determined by PFGE, have been reported to exceed the expected value of about 500 MDa (750 kbp) (18) . We utilized the same PFGE techniques with strains PPAV and 695T, which gave estimates of about 1,300 kbp for each genome. These estimates were lower than those obtained by renaturation techniques (ca. 1,600 kbp), but they confirmed that the genomes of M . iowae strains were much larger than the values reported previously for Mycoplnsma species. Our PFGE estimates of the genome sizes of the type strains of M . rn-ycoides subsp. mycoides (1,300 kbp) and M . mirris (1,150 kbp) and other recent data (17, 23) show that some Mycoplasma and Ureaplasma species, including M . iowae, have genomes that are larger than previously realized. One of these reports (17) showed that differences between PFGE and renaturation kinetic estimates of genome size in mollicutes occur most often in species having chromosomes that are intermediate in size (800 to 1,300 kbp). In these cases, renaturation kinetics provided a lower estimate of genome size, which raises the question of the accuracy of the techniques used. In our experience, PFGE and renaturation kinetics gave similar values; the first technique is totally reproducible, while the second is more variable. For instance, renaturation kinetic values range from 885 to 1,201 MDa (1,340 to 1,820 kbp) for the strain PPAV genome and from 890 to 1,174 MDa (1,350 to 1,780 kbp) for the strain 695T genome. Nevertheless, our data for mollicute genome sizes are in general agreement with other recently reported estimates and support the conclusions of recent studies (17) that within the genus Mycoplasma there is a continuum of genome sizes, from a generally recognized low value of 600 kbp (400 MDa) to a high value of 1,300 kbp (850 MDa). Therefore, the genus Mycoplasmu is composed of organisms with widely different genome sizes, as might be expected given their polyphyletic origins (30). Thus, genome size is a clearly inappropriate character for determining taxonomic assignment to the family Mycoplasmataceae.
Finally, our results affirm the enormous value of 16s rRNA sequences for characterization of organisms of uncertain taxonomic position. Such sequences can be easily determined through the use of universal primers, and their analyses can be simplified by computer analysis. While this study may be the first application of these techniques to the assignment of a mollicute strain to a Mycoplasma species, rRNA sequence analysis has been applied to other microorganisms when taxonomic problems in classification were encountered (10, 11, 29, 34) .
